Background and objectives: A cross-sectional observation suggests that total antioxidant capacity (TAC) of the diet positively affects plasma concentrations of b-carotene independent of b-carotene intake. This study was carried out to investigate the effect of two dietary strategies, designed to be comparable in fruits, vegetables, fibre, alcohol and b-carotene intake but substantially different in their TAC, on changes in antioxidant intake and antioxidant status, and in particular in circulating b-carotene concentrations. Subjects: A randomized cross-over intervention trial involving 33 healthy participants and consisting of two 14-day dietary periods (high TAC diet, HT; low TAC diet, LT) with a 14-day washout in between was conducted. Results: Energy, macronutrient, dietary fibre, alcohol and b-carotene intake was not significantly different between LT and HT, whereas intake of other carotenoids and dietary TAC was significantly higher in the HT than in the LT (Po0.001). Circulating carotenoids (with the exception of a-carotene, which followed an inverse trend) and a-tocopherol decreased significantly during the LT and increased during the HT period. Among these, b-carotene almost doubled its concentration in plasma after the HT diet. Conclusions: The increase in circulating b-carotene along with the increase in dietary TAC suggests that plasma b-carotene could be a marker of TAC intake rather than of b-carotene intake itself. This may explain, in part, why b-carotene supplementation alone has shown no benefit in chronic disease prevention and adds to a putative beneficial role of high dietary TAC diets, which merits further investigation.
Introduction
Epidemiological evidence supports the strategy of increasing plant food consumption by the general population as a tool for primary prevention against cardiovascular diseases (Gillman et al., 1995; Rimm et al., 1996; Cox et al., 1998; Stables et al., 2002) . Indeed, fruit-and vegetable-based diets may promote health through several mechanisms. However, the identification of single compounds that are able to significantly decrease cardiovascular disease risk is an arduous task and in some cases has led to misleading results.
A well-known example is b-carotene, a lipophilic compound ubiquitous in yellow and green vegetables and fruits, such as carrot, spinach, pumpkin, broccoli, peppers, pink grapefruit and peach (Chug-Ahuja et al., 1993) . Sparse epidemiological evidence suggesting that b-carotene intake from plant foods could be linked to less cardiovascular events, together with more consistent cross-sectional and prospective associations between higher plasma b-carotene concentrations and lower incidence of type II diabetes and cardiovascular disease, made up the scientific basis for large intervention trials investigating the effects of b-carotene supplementation on cardiovascular disease prevention. However, b-carotene supplementation did not reduce the incidence of cardiovascular events on these randomized and well-conducted studies, but rather increased them in certain population subgroups (Voutilainen et al., 2006) . Two suitable explanations have been proposed for this observation. First, b-carotene is an effective scavenger of free radicals in normal conditions, but shows pro-oxidant activity at high concentrations in vitro (El-Agamey et al., 2004) . A complementary hypothesis is that b-carotene, as belonging to the antioxidant network in charge of preventing oxidative damage in biological systems (including low density lipoprotein oxidation), could as well be spared by, and reflect, high consumption of dietary antioxidants regardless the source. This is consistent with the fact that antioxidant-rich beverages, such as coffee, tea or red wine, have also been implicated as relevant dietary factors in chronic disease prevention (Svilaas et al., 2004) .
Total antioxidant capacity (TAC) of the diet, which describes the ability of the different antioxidants (independent of their bioavailability) present in food and beverages in scavenging preformed free radicals, was strongly associated to higher plasma concentrations of b-carotene in free living participants, independent of b-carotene intake, and other relevant dietary and clinical confounders (Valtueña et al., 2007) . To confirm this observation, we conducted a cross-over intervention study investigating the extent of changes in circulating carotenoids (and particularly b-carotene) as result of two dietary strategies designed to be quantitatively comparable in b-carotene, fruits, vegetables, dietary fibre and alcohol intake, but remarkably different regarding their TAC content.
Participants and methods

Participants
A total of 34 healthy adults were recruited among a population of workers and former workers of a food company in the Parma area, as described elsewhere (Valtueña et al., 2008) . Exclusion criteria were diabetes mellitus, cardiovascular events, evidence of hepatitis B virus or hepatitis C virus infection, chronic liver diseases or nephropathies, cancer, organ failure, smoking, last menses within the past 12 months, taking cholesterol-lowering or antiinflammatory medications, and having taken hormone replacement therapy for the past 12 months. The study was approved by the Ethics Committee for Human Research of the University of Parma and written informed consent was provided by all participants.
Study design and sample collection
The study was originally designed with the primary objective of investigating the effects of low and high-antioxidant diets on systemic inflammation and liver dysfunction, as previously reported (Valtueña et al., 2008) , and also to assess whether dietary TAC could influence plasma concentrations of b-carotene while controlling for other dietary factors known to affect b-carotene concentrations, including its own intake. Briefly, participants were asked to follow a high-TAC diet (HT) and a low-TAC diet (LT) for 14 days each, with a 14-day washout period (WO) in between. The order in which HT and LT were consumed was randomly assigned. In four occasions, corresponding to the beginning and end of each dietary period, volunteers attended the Department of Internal Medicine and Biomedical Sciences, University of Parma, to have a brief medical interview and a physical examination in order to retrieve an update on their health status and medication use. Participants were also instructed to maintain their usual level of physical activity and to not consume supplements of any type during the study. On the morning of each visit and after a 12-h fasting period, a blood sample was collected. Plasma was obtained from EDTAcollected blood and immediately stored at À80 1C until further analysis.
Diets
Two dietary interventions were designed to be comparable for energy, macronutrient, fibre, alcohol and b-carotene intake, but very different regarding TAC intake. This was achieved by accurately selecting fruits, vegetables, beverages, sweets and condiments for each diet on the basis of their TAC content, and leaving free choice on all other food items marginally contributing to dietary TAC (Pellegrini et al., 2003 (Pellegrini et al., , 2006 Valtueña et al., 2008) . Consumption of a minimum of five medium-size portions of fruits and vegetables was a requirement both in HT and LT, whereas no dietary instructions were given during the WO period besides asking participants to eat as they usually did before entering the trial. Compliance during the HT and LT periods was assessed by means of a food chart specifically designed to track the number of portions consumed daily of each permitted food item. Dietary intake during HT, LT and WO was assessed by means of 3-day weighed food records completed during the second week of each 14-day period. Nutrient and TAC intake were calculated using the 780-item Italian food database of the European Institute of Oncology (Milani, Italy) (Salvini, 1997) integrated with TAC values of more than 150 raw foods measured as Trolox-equivalent antioxidant capacity (Pellegrini et al., 2003 (Pellegrini et al., , 2006 . To evaluate carotenoid intake, data from the United States Department of Agriculture (http://www.ars.usda.gov/Services/docs.htm?docid ¼ 17477; accessed June 2008) integrated with European data extracted from the literature (Heinonen et al., 1989; Granado et al., 1992; Hart and Scott, 1995; Muller, 1996) were used to assign values of carotenoid content to each food item in the 3-day weighed food records according to the following protocol: all values found in the literature were converted to mg per 100 g food; values expressed on dry weight were converted to wet weight on the basis of the moisture content specified in the European Institute of Oncology database; when several values were reported from literature sources, the highest value was used; if there was no information about the carotenoid content of a food item, a value was assigned using data of a similar food item (for example, same botanical group).
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Plasma antioxidants
Plasma samples were spiked with internal standards (retinyl acetate and a-tocopheryl acetate) in ethanol and extracted with n-hexane, as previously described (Lunetta et al., 2002) . Carotenoids (namely a-carotene, b-carotene, lutein þ zeaxanthin, b-cryptoxanthin and lycopene) and tocopherols (a-and b þ g-tocopherol) were quantified by reversed phase high-performance liquid chromatography with diode array detection. The separation was carried out with a XTerra MS C18 column (5 mm; 4.6 Â 150 mm; Waters, Milford, MA, USA) guarded by a XTerra MS C18 precolumn eluted with a gradient of solvents (acetonitrile 0.5% water v/v, A, ethyl acetate 0.5% water v/v, B) with a flow equal 1 ml/min as follows: 0-2 min 100% A; 2-25 min up to 30% B. The column was then washed with 80% B until the next run.
Identification and quantification of carotenoids and tocopherols was performed by coelution and calibration with pure standards with the only exception of lutein þ zeaxanthin, which were quantified as lutein equivalents, of a-carotene, which was identified with a standard isomers carotene mix, but quantified in b-carotene equivalents and of b þ g-tocopherol, quantified in a-tocopherol equivalents. Internal standards were used for recovery and quantification. Average recovery was 93% for carotenoids and 92% for tocopherols. All the pure standards were from Sigma (St Louis, MO, USA).
Statistical analyses
All variables were checked for normality with the KolmogorovSmirnov test. Data are presented as means±s.d. unless otherwise noted. Biological variables are presented both as actual values and as difference between end and beginning of each dietary period. For dietary data, HT, LT and WO diets were compared using repeated-measures generalized linear model and Bonferroni post-hoc tests, with the order of intervention as within-participant factor. For biochemical variables, differences between before and after each dietary period, between baseline values and between changes during HT and LT were compared using t-tests for paired samples.
The statistical package SPSS (version 16.0; SPSS Inc, Chicago, IL, USA) was used for statistical analyses. Differences were considered significant at Po0.05.
Results
Immediately after baseline measurements were taken, one volunteer dropped out for reasons unrelated to the study. Therefore, a total of 33 participants (61.1 ± 3.7 years, BMI 27.3 ± 2.7 kg/m 2 ), 14 females (59.8 ± 3.6 years, BMI 27.4±3.9 kg/m 2 ) and 19 males (62.1±3.6 years, BMI 27.2±1.6 kg/m 2 ), completed the intervention. Other baseline characteristics have been reported elsewhere (Valtueña et al., 2008) .
Dietary variables
Intake of energy, macronutrients and alcohol was not significantly different between HT, LT and WO (Valtueña et al., 2008) . Owing to study design, fibre intake was significantly increased during both dietary interventions when compared with WO (Po0.01) as a result of the minimum amount of fruit and vegetable servings required in both LT and HT diets, but the latter did not differ significantly regarding fibre intake (Valtueña et al., 2008) . Data related to antioxidant intake, namely TAC, carotenoids and a-tocopherol, are reported in Table 1 . As expected, intake of dietary TAC was significantly higher during the HT than during the LT and WO periods (Po0.001), and lower during the LT than during WO (Po0.001). As aimed for in the study design, b-carotene intake was not different between LT and HT, but also intake during WO did not differ significantly from either diet. Conversely, intakes of b-cryptoxanthin, lycopene and lutein þ zeaxanthin, and a-tocopherol were significantly higher during HT as compared with LT, whereas a-carotene intake followed an inverse trend by being significantly higher during the LT period as compared with HT. Intake of a-carotene, b-cryptoxanthin and a-tocopherol was not significantly different during HT and WO. 
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Main foods contributing to b-carotene intake during the three dietary periods are reported in Figure 1 . Carrots were by far the most significant contributor to the TAC intake during the LT diet, whereas spinach, beet and Swiss chard were the major contributors during the HT intervention. In the WO period, b-carotene was introduced mainly through lettuce, spinach and carrots.
Biochemical variables
Plasma concentrations of carotenoids and tocopherols at the beginning and end of each dietary period are reported in Table 2 , together with difference values between end and beginning of LT and HT. In parallel with dietary intake during LT and HT, all carotenoids decreased in plasma during the LT diet and increased during the HT diet with the exception of a-carotene, which followed an inverse trend. These changes in plasma concentrations of carotenoids were significantly different during the LT period as compared with HT. The baseline values were also significantly different (Po0.01) for carotenoids (with the only exception of a-carotene). For vitamin E, a-tocopherol followed the same trend as most carotenoids, whereas plasma concentrations of b-and g-tocopherols did not change significantly during any dietary intervention.
Discussion
Up to date, many intervention studies performed to evaluate the putative effects of antioxidants have been based on single antioxidant-rich foods (Young et al., 1999; Briviba et al., 2004) or on generic advice on the amount of fruits and vegetables to be consumed (Dragsted et al., 2004) . The present randomized crossover study is the first in which the TAC has been used as a parameter to define a dietary intervention. In particular, two different diets with high and low TAC, respectively, were recommended to healthy volunteers to investigate the effect of dietary antioxidants on circulating b-carotene (Valtueña et al., 2008) . The two dietary interventions were designed to be comparable for number of servings of fruits and vegetables, but remarkably different regarding antioxidant intake, while leaving unmodified the intake of macronutrients, dietary fibre, alcohol and b-carotene.
The selection of fruits, vegetables, beverages, sweets and condiments on the basis of their TAC content lead to a remarkable modification of single antioxidant intake. Intake of carotenoids and antioxidant vitamins strongly and significantly increased during the HT diet, whereas for most of them, intake significantly diminished during the LT period, reaching even lower values than those observed Figure 1 Principal food contributors to b-carotene intake during the three study periods, calculated as percentage intake of b-carotene from one single food item over total b-carotene intake (WO, washout; LT, low-TAC diet; HT, high-TAC diet). Table 2 Plasma concentrations of carotenoids and tocopherols before and after each dietary intervention (high-TAC diet (HT) and low-TAC diet (LT)) and changes in plasma concentrations of carotenoids and tocopherols during LT and HT diets (DLT and DHT, respectively) Significantly different from pre-LT (Po0.01). Differences between changes in plasma concentrations of carotenoids and tocopherols during LT and HT diets have been compared using t-tests for paired samples.
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Dietary total antioxidant capacity and plasma b-carotene D Del Rio et al during the participant's usual diet. The second observation of this study is the reduction of circulating antioxidants after 2 weeks of consuming five portions of low-TAC fruits and vegetables with respect to baseline. This shows that advice on the quantity of plant foods to be consumed without attention to quality is not enough to improve or preserve antioxidant status. Among single plasma antioxidants, only a-carotene and b þ g-tocopherols followed a different trend. Plasma a-carotene increased after the LT diet likely due to the increased consumption of carrots in that period, the principal food source of this carotenoid. b þ g-tocopherols did not change during the intervention, probably due to their scarce bioavailability (Jiang et al., 2001) . The intake of lutein and zeaxanthin during the HT diet was very high with respect to other reports (O'Neill et al., 2001 ) mainly due to spinach and green leafy vegetables. Nevertheless, the increase in plasma concentration of these two carotenoids after the HT diet was surprisingly and inexplicably low, although significant.
b-Carotene showed a strong increase in plasma after the HT diet, whereas it decreased after the LT, even though its intake was not significantly different along the study. The present intervention confirms the previous cross-sectional observation that the TAC of the diet is an important determinant of plasma b-carotene concentrations regardless of b-carotene intake (Valtueña et al., 2007) .
As already proposed by Frank and his group, who studied which dietary antioxidants were able, when supplemented to rats, to increase plasma a-tocopherol concentration at a constant a-tocopherol level of intake, several mechanisms could be hypothesized to explain the protection exerted by dietary antioxidants towards b-carotene: (i) protection against free radicals potentially able to consume it, (ii) enhancement of the antioxidant enzyme systems, (iii) effect on the pro-oxidant enzyme systems, (iv) improvement of vitamin absorption (Frank et al., 2003 (Frank et al., , 2006 Frank, 2005) .
Another possibility that should be called into question is related to b-carotene bioavailability. It is well known that the cooking process increases b-carotene bioavailability from vegetables (Rock et al., 1998 , Livny et al., 2003 . Actually, the two intervention periods, HT and LT, differed regarding the dietary sources of b-carotene, which, in turn, might have affected its bioavailability. In fact, in the LT diet, b-carotene derived mainly from carrots, frequently eaten raw as side salad, whereas during the HT period the main source was spinach, generally consumed after cooking. On the other hand, it has also been reported that b-carotene bioavailability is lower in green leafy vegetables, ranging between 3 and 6%, than in carrots, being between 19 and 34% (Van Het Hof et al., 2000) . Lipids in food have also been considered as potential enhancers of b-carotene bioavailability, but the lipid intake did not differ between the dietary periods and this could, at least in part, rule out their possible influence on b-carotene absorption (Van Het Hof et al., 2000) . In summary, the influence of b-carotene bioavailability on its plasma concentrations in this study is difficult to evaluate, especially because the study itself was not originally designed to cope with this issue.
In prospective studies, high circulating levels of b-carotene have been strongly associated with a decreased risk of incident type II diabetes and cardiovascular events (Hak et al., 2003 (Hak et al., , 2004 Coyne et al., 2005) , whereas supplementation of large populations with b-carotene for years has failed to observe any reduction in the risk of such chronic diseases (Greenberg et al., 1996; Voutilainen et al., 2006) . The remarkable increase in circulating b-carotene along with the increase in dietary TAC in our study suggests that plasma b-carotene could be a marker of TAC intake, and not only of b-carotene itself. If so, a hypothesis that merits further investigation is whether usual high-TAC diets could be responsible for the epidemiological association between higher circulating b-carotene and lower incidence of chronic disease.
One main drawback of the present study is linked to baseline plasma carotenoid levels, which were significantly different between LT and HT. This could have marginally influenced the fluctuations of these compounds in plasma. Moreover, to account for this unexpected bias, we repeated the comparison expressing changes as percentage from baseline obtaining exactly the same results (data not shown).
In conclusion, this study supports the observation that plasma b-carotene depends more on dietary TAC rather than on b-carotene intake, and therefore could be considered a sensitive biomarker of overall antioxidant status. This may explain, at least in part, why b-carotene supplementation alone has shown no benefit in chronic disease prevention and adds to a putative beneficial role of high dietary TAC diets, which merits further investigation.
